Abstract: We report on the first experiments characterizing the complete time-dependent 2D vector potential of a few-cycle laser pulse. The instantaneous amplitude and orientation of the electric field is determined with sub-cycle resolution, directly giving access to the polarization state of the pulse at any instant in time. This is achieved by performing an attosecond streaking experiment using a reaction microscope, where the full pulse characterization is performed directly in the target region. "Measuring ultrashort laser pulses in the time-frequency domain using frequency-resolved optical gating," Rev.
Introduction
The development of ultrafast laser sources providing few-cycle infrared (IR) pulses in the last decades [1, 2] has called for pulse characterization methods beyond traditional autocorrelations [3] . The field envelope of linearly polarized pulses can be precisely characterized with techniques such as spectral phase interferometry for direct electric-field reconstruction (SPIDER) [4] or frequency-resolved optical gating (FROG) [5] . However, with these techniques their carrier-envelope offset (CEO) phase [6] remains undetermined. The ultrabroad spectrum of few-cycle pulses imposes additional errors [7] [8] [9] because of finite phase matching bandwidth in the nonlinear media, the bandwidth of the optics in the setup, or because the nonlinear signal cannot be cleanly separated from the fundamental spectral components anymore. The CEO phase alone can be retrieved with spectral self-referencing techniques [6] or with stereo ionization experiments [10, 11] , though without providing any further information about the pulse shape. Here, we present a technique, building on the attosecond streaking techniques (such as the attosecond streak camera [12, 13] and the attoclock [14, 15] ), that fully characterizes the vectorial field of the IR pulse at the target, directly where experiments are performed. The method provides amplitude and orientation of the electric field vector at any moment of the pulse with sub-cycle resolution and without imposing any limitation to the spectral range, duration, or polarization of the pulse to be characterized. Alternative approaches to access the time-dependent polarization of a laser pulse were presented in [16] [17] [18] , employing spectral interferometry. However, the pulses were not measured directly, but reconstructed, assuming the precise knowledge of a reference pulse as well as exact characterization of involved optics. Additionally, without access to the CEO phase, only the pulse envelope is characterized without resolving the vectorial laser field with sub-cycle resolution.
The technique presented here employs a completely different approach. Instead of reconstructing the spectral phase, we directly measure the vector potential of the IR pulse in the time domain with an attosecond streaking technique where the pump is a single attosecond pulse (SAP) [19] and the probe is an IR pulse. Attosecond streaking is generally used to characterize the SAP itself [20] but also provides a direct measurement of the probing IR pulse [21] . We extend the classical streaking technique, which is performed with linearly polarized IR pulses, to pulses with arbitrary, time-evolving polarization.
The precise characterization of a few-cycle IR pulse is an important prerequisite e.g. for quantum control experiments. At first, linearly polarized pulses with optimized shapes were tailored for controlling quantum systems [22, 23] . Later, this concept was generalized to pulses with time-dependent polarization states [17, 24] . In these cases, our characterization technique would allow for the full characterization of the polarization state of the pulse in the target itself, which is necessary to understand the reaction of the probed system. Furthermore timedependent polarization states are used for example to generate SAP pulses via the polarization gating technique [25] . A full characterization of the driving IR pulse could allow for improving the generation of SAPs through the optimization of the time-dependent polarization.
Setup
Our setup (Fig. 1) consists of two main parts: the extreme ultraviolet (XUV) front-end, which provides SAPs, and a reaction microscope (or COLTRIMS) [26] , which records the fragments of the ionization caused by the SAP in a gas target. The front-end's XUV-IR pump-probe interferometer is driven by a commercial CEP-stabilized [6] few-cycle Ti:sapphire laser system with a repetition rate of 10 kHz, pulse energy of 400 µJ, and a hollow-core fiber pulse compressor [27] generating pulses of about 5 fs, which were characterized by SPIDER measurements. The short intense IR pulses at high repetition rates are necessary for the generation of SAPs with sufficiently high flux in order to allow for measurements with enough statistics in reasonable data acquisition times. SAPs are generated in an argon gas target by the use of a polarization gate [25] in one arm of the interferometer. Here, the polarization of the driving IR pulse is shaped such that it is linearly polarized only for one half-cycle, but elliptically polarized otherwise. Only during the time interval, called the gate, where the pulse is linearly polarized, ionized electrons can recollide with their parent ion and therefore emit a SAP via high-harmonic generation.
A 300 nm thick aluminum filter approximately compensates for the intrinsic chirp of the XU-V pulses and removes the co-propagating IR. After recombination of the XUV with the delayed IR probe through a holey mirror, both beams are collinearly focused by a toroidal mirror into the supersonically expanded gas target of the reaction microscope. In order to maintain long-term stability, the driving laser beam pointing is stabilized prior to the pump-probe interferometer.
In the reaction microscope, ions and electrons are separated by the electric field of biased metallic plates and guided towards space and time sensitive detectors, allowing for the reconstruction of the 3D-momentum vector of each individual particle. By recording ions and electrons in coincidence, electrons arising from background ionization can be discarded from the data by placing filter criteria on the momentum sum of ions and electrons, thus increasing the signal quality.
XUV spectra are monitored throughout the measurements with a XUV spectrometer mounted on the rear side of the reaction microscope. Secondary events from XUV radiation are reduced by optimizing the dump geometry in front of the XUV spectrometer, therefore increasing the signal-to-noise ratio and ensuring the coincidence capabilities of the detector. The 10 kHz repetition rate allows for reasonably fast acquisition time with one or fewer events per laser shot.
Experiment
In order to extract the instantaneous amplitude and direction of the laser electric field with subcycle resolution, we perform an attosecond streaking experiment. Conventionally, streaking measurements have been performed with detectors that do not resolve the angular distribution of the photoelectrons, thus limiting the momentum resolution to only one dimension, which is compatible only with pure linearly polarized IR pulses [12, 13] . Velocity map imaging (V-MI) could in principle address the momentum distribution along the polarization plane when extending it by tomographic reconstruction [28, 29] . Although, performing tomographic reconstruction at each delay step and rotating the IR polarization state in front of the toroidal mirror without distorting it, would remain challenging. The reaction microscope, instead, allows for the direct measurement of the full two-dimensional streaking trace along the x and y axis in the polarization plane of the propagating IR beam (see Fig. 2 ), thus directly supporting even time-dependent ellipticity and orientation of the IR pulses. Likewise classical streaking, the technique does not resolve spatial dependencies of the laser pulse, since the spatially averaged effective field, experienced by the target, is determined.
In a first experiment an elliptically polarized few-cycle IR pulse with time-independent ellipticity, hereafter referred to as polarization state 1 (PS1), is obtained by inserting a λ /4-plate in the beam path of the probe pulse. The corresponding streaking experiment is conducted with an argon gas target. Already the characterization of such a rather simple polarization state directly at the target is of great importance, e.g. for circular streaking experiments using the attoclock [15, 30, 31] and circular dichroism experiments in the multiphoton regime [32] .
In a second experiment, conducted with a neon target, a more complex pulse shape with a time-dependent polarization state, hereafter referred to as polarization state 2 (PS2), is generated by a 205 µm thick birefringent quartz crystal plate oriented at an angle of 45 • followed by a λ /2-plate placed at an angle of 22.5 • relative to the linearly polarized laser. Different gases were employed to show that the technique does not rely on a specific target. Before reaching the target, the pulse traverses multiple optics, such as silver mirrors, a fused silica window, and the focusing toroidal mirror in grazing incidence. These optics will additionally modify the polarization state of the pulse and therefore with this technique we can characterize the time-dependent electric field vector of the pulse directly at the target.
The SAP, polarized along x, and the IR pulse are collinearly overlapped in the interaction region of the target and the IR pulse is sampled with the SAP by changing the delay τ in steps of 200 as. Negative delays correspond to the IR pulse arriving before the SAP. At a given delay τ, the SAP ionizes an electron and places it into the continuum with an initial momentum p 0 = 2(E SAP − I p ), with ionization energy I p of the target gas, and central photon energy E SAP (atomic units are used throughout this paper if not otherwise stated). The exact distribution of p 0 is governed by the orientation of the polarization, the spectrum of the XUV pulse, and the differential cross-section of the ionized target.
Analysis
From the moment of ionization until the end of the pulse, the electron is exposed to the driving force of the electric field of the IR pulse and acquires final momentum p final (τ) (see Figs. 2 and 3):
By fitting a Gaussian function to a cut of the momentum distribution at any given delay τ and taking the peak position we obtain p final (τ), which directly corresponds, except for a constant offset p 0 , to the vector potential A(τ) at the moment of ionization (Eq. (1)). Note that the single photon ionization exhibits a small but finite delay [33, 34] . We recently could show that this time delay is in agreement with the predicted difference for argon and neon [35, 36] . However, the delay is in the range of tens of attoseconds and just shifts the zero position of the delay axis which is not determined anyway. We therefore can neglect this delay for this pulse characterization.
We extract the peak of the distribution, as it is less sensitive to unstreaked background events, which will result in artificially reduced amplitude when using a center-of-mass analysis. As we have access to the full momentum space in 3D, we can reconstruct p final (τ) along the x and y axis of the polarization plane, thus, fully characterizing the laser pulse. Now, we directly obtain the electric field E Exp.
x,y (τ) at the target from Eq. (2) (see Figs. 4 and 5) .
For the first experiment using the elliptically polarized pulse with PS1, we obtain the constant orientation θ = −22 • and ellipticity ε = 0.52 of the polarization ellipse by fitting Eq. (3) to the data, see Fig. 5(a) .
The pulse envelope is described by f (t). The other variables are the maximum of the electric field strength E 0 , the orientation of the ellipse θ , and the ellipticity ε = cot(β + π/4). Additionally, we investigate the time-dependence of the ellipticity ε(τ) and the orientation θ (τ), defined by the amplitude and phase of two perpendicular fields [37]: 
where the time-dependent amplitude and temporal phase of the complex electric field are given by E x,y (τ) and φ x,y (τ), respectively. The experiment, however, measures the real part of the electric field from which we extract the time-dependent envelope and phase by applying a Gabor analysis with the window width adjusted to cover one optical cycle of the IR. Finally, we obtain the time-dependent ellipticity by inserting the extracted amplitude and phase into Eq. (4) (see Fig. 5 ). Fig. 5 . Electric field along the x and y axis (red and blue crosses, respectively), fit of analytical expression of elliptically polarized pulse along x and y axis (red and blue solid lines, respectively), instantaneous ellipticity (black solid line), and ε = 0.52 from fit (dashed black line) for elliptically polarized pulse (PS1) (a). Note how the ellipticity is not constant but slightly varies over the pulse duration. Measured electric field along x and y axis (red and blue solid lines, respectively) and time-dependent ellipticity (black solid line) for the pulse with PS2 (b). Here, the changes in the ellipticity are more pronounced, it even changes sign indicating the change of helicity of the pulse. In the region of the sign change, the polarization becomes linear.
Results
With this approach we can directly observe the evolution of the ellipticity over time. In Fig. 5(a) we see that the ellipticity of the pulse with PS1 is not perfectly constant as one could have expected, but varies slightly around the value obtained from the fit. The slight time-dependence of the ellipticity occurs because of the large, more than 300 nm bandwidth of our pulses in conjunction with its residual chirp and the chromatic errors of our waveplate. Any time-integrating method for characterizing the polarization would not be suitable in this case. When averaging the ellitpticity over the pulse duration, weighting it with the amplitude of the electric field, we obtain ε = 0.50 as compared to ε = 0.52 from the fit. In Fig. 5(b) we see the more complex shape of the pulse with PS2 generated for the second experiment. Not only do we observe a pronounced variation in the ellipticity, but also a change in the helicity from left-handed (positive ε) for negative delays to right-handed (negative ε) for positive delays. A short linear part at the center of the pulse, where the ellipticity is close to zero, reveals a polarization state very similar to the one used with the polarization gating technique mentioned before. The change in ellipticity goes together with the phase slip of E Exp. x with respect to E Exp. y along the delay axis as can be seen in Fig. 5(b) .
Conclusion
In conclusion, we have demonstrated a full characterization of the time-dependent electric field vector of an IR laser pulse in the polarization plane using a 2-dimensional attosecond streaking technique. We are able to measure the orientation and absolute amplitude of the vector potential, and thus the electric field, with sub-cycle resolution over the complete pulse directly at the target. This allows for the calculation of the ellipticity and orientation of the IR pulse for any instant of time within the pulse. To the best of our knowledge, this is not possible with any other existing pulse characterization method.
